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Figure 1.
Drawings of the architecture of two rubber clones (Cilas et al., 2004). PB235 (left) had a height 
of 9.7 m against 9 m for GT1 (right). After image segmentation, regular subdivisions of the crown 
surface S are defined for the computation of the bending moment due to the effect of the wind. 
Each subdivision has the same vertical thickness and its Si area. Zi refers to the height of the 
subdivision.
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RÉSUMÉ

Sécurité des hévéas en 
plantations face au vent : analyse 
méthodologique d’expériences 
de flexion sur des arbres sur pied 
inclinés

En raison de sa capacité à produire 
du latex pour des applications indus-
trielles, l’hévéa est cultivé de manière 
intensive en grandes plantations. 
Le latex est récolté par saignée de 
l’écorce, ce qui génère un puits de car-
bone qui nuit à la croissance secon-
daire de l’arbre et par conséquent 
affaiblit la résistance mécanique du 
tronc. Afin d’étudier la vulnérabilité 
des clones d’hévéa à la rupture par 
le vent, nous proposons un modèle 
mécanique complet qui met en lumière 
les différents paramètres morpholo-
giques et mécaniques impliqués dans 
la résistance du tronc en cas de vent 
fort. Le modèle nécessite des données 
expérimentales issues de la descrip-
tion structurelle de l’arbre et d’essais 
de flexion non destructifs réalisés in 
situ dans les plantations. Les résultats 
permettent d’obtenir une liste des 
paramètres requis et d’indiquer leur 
importance relative pour l’estimation 
du comportement mécanique des 
hévéas, afin de pouvoir comparer les 
clones à des fins de sélection.

Mots-clés : hévéa, clone, rupture 
par le vent, flexion des arbres, Côte 
d’Ivoire.

ABSTRACT

Wind safety of rubber trees  
in plantations: methodological 
analysis of bending experiments on 
inclined standing trees

Because of their ability to produce 
latex for industrial applications, rub-
ber trees are grown intensively in 
large plantations. Latex is harvested 
by bleeding off the bark, generating a 
carbon sink for the tree that impairs its 
secondary growth and consequently 
weakens the mechanical resistance of 
the trunk. In order to study the sen-
sitivity of rubber tree clones to wind 
breakage, we propose a complete 
mechanical model that sheds light 
on the different morphological and 
mechanical parameters involved in 
trunk resistance to strong wind events. 
The model requires experimental data 
that can be recorded from the struc-
tural description of a tree and from 
non-destructive bending tests perfor-
med in situ in plantations. The results 
provide the list of required parame-
ters and indicate their relative impor-
tance for estimating the mechanical 
behaviour of rubber trees, with a view 
to comparing clones for breeding pur-
poses.

Keywords: rubber tree, clone, wind 
breakage, tree bending, Côte d’Ivoire.

RESUMEN

Seguridad contra el viento de 
los árboles de caucho en las 
plantaciones: análisis metodológico 
de los experimentos de flexión  
en árboles inclinados en pie

Debido a su capacidad de producir 
látex para aplicaciones industriales, 
los árboles de caucho se cultivan de 
forma intensiva en extensas planta-
ciones. La recolección del látex se 
realiza mediante el sangrado de la 
corteza, lo que genera un sumidero 
de carbono para el árbol que perju-
dica su crecimiento secundario y, en 
consecuencia, debilita la resistencia 
mecánica del tronco. Para estudiar la 
sensibilidad de los clones de árbol de 
caucho a la rotura por viento, propo-
nemos un modelo mecánico completo 
que proporciona información sobre los 
diferentes parámetros morfológicos y 
mecánicos implicados en la resisten-
cia del tronco a los vientos fuertes. 
El modelo requiere datos experimen-
tales que se pueden registrar a par-
tir de la descripción estructural de 
un árbol y de ensayos de flexión no 
destructivos realizados in situ en las 
plantaciones. Los resultados propor-
cionan la lista de parámetros nece-
sarios e indican su importancia rela-
tiva para estimar el comportamiento 
mecánico de los árboles de caucho, 
con vistas a comparar los clones con 
fines productivos.

Palabras clave: árbol del caucho, 
clon, rotura por el viento, flexión del 
árbol, Costa de Marfil.

A. C. Engonga Edzang, B. Niez, L. Heim,  
T. Fourcaud, J. Gril, B. Moulia, É. Badel
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Introduction

Rubber tree is the almost exclusive source of natural 
rubber, which is mainly used by the tire industry, in com-
bination with synthetic rubber, metal, and other ingredi-
ents. Cultivated in humid tropical environments, it makes 
15 million hectares and produces 13 million tons of rubber 
per year1. Asia alone accounts for 89% of world produc-
tion, mainly Thailand, Indonesia and Vietnam, while Africa 
(mainly Ivory Coast) and South America (mainly Brasil and 
Guatemala) account for 8% and 3% of rubber production, 
respectively. 

Rubber plantations are often monoclonal (Masson and 
Monteuuis, 2017), with seedling selection based on mul-
tiple criteria such as growth speed, tree productivity and 
its physiological indicators, tapped stand resilience along 
time, tolerance to abiotic stress such as tapping panel dry-
ness and tolerance to fungus leaf diseases (Gohet  et  al., 
1996; Clément-Demange et al., 2007). However, growers and 
breeders do not have relevant criteria to estimate the wind 
breakage sensitivity of trees, and to preventively improve 
their mechanical resistance.

Indeed, during their economic life in plantation, rub-
ber trees are susceptible to wind damage and especially to 
trunk breakage (Nicolas, 1979; Fourcaud et al., 1998). How-
ever, planters observe a great variability between the differ-
ent clones. This sensitivity to wind limits the rubber growing 
areas to regions that do not regularly experience cyclones 
or typhoons. Even so, wind breakage remains a major issue 
that reduces the lifespan of the stands and affects farm-
ers’ income, with losses in latex production which can 
get as high as 30% or more in some cases (Clément-De-
mange et al., 1995). Moreover, two types of wind damage are 
typically reported by planters in rubber plantations: i) mas-
sive tree falls linked to more exceptional events such as big 
storms, but also ii) regular and local tree breakage under 
moderate wind storms, which causes continuous annual 
erosion of the plantation density. The current context of 
climatic disturbances (Liu  et  al., 2019; Vecchi  et  al., 2019) 
could make the situation even more critical by endangering  
rubber plantations. 

Knowledge of the biomechanical factors and mecha-
nisms related to the breakage of trees because of the wind 
has greatly progressed during the last decades (Peltola, 
2006; Fournier et al., 2013; Gardiner et al., 2016). Experimen-
tal and numerical studies allowed disentangling the relative 
contributions of tree architecture, including the root sys-
tem, and wood material properties on the biomechanical 
response to high winds (Sellier and Fourcaud, 2005, 2009; 
Yang et al., 2017). In particular, the longitudinal distribution 
of secondary growth along the trunk and the major roots, 
and the way it is linked to the kinetics of crown development 
(Bossu et al., 2018) was shown to be a central parameter of 
trunk breakage sensitivity (Ancelin et al., 2004; Alméras and 
Fournier, 2009). 

To date, several hypotheses have been put forward 
to explain the sensitivity of rubber clones to wind break-
age, including competition between latex production and 

growth (Watson, 1989; Gohet et al., 1996; Silpi et al., 2006), 
crown shape (Combe and du Plessix, 1974; Fourcaud et al., 
1999; Milet, 2001) or the presence of tension wood (Nico-
las, 1979). In tapped rubber trees, the intense and repeated 
latex production induced by tapping strongly affects the 
tree’s biological activity, particularly the primary and sec-
ondary growths. Tapping reduces radial growth of trees by 
about 50% after only the second week of latex harvesting 
(Fourcaud et al., 1998), while growth in height is also slightly 
affected by tapping. Altogether, growth responses result in 
a decrease of the ratio between radial and height growth. 
The architecture of the crown is also involved in the trunk 
breakage phenomena of rubber clones. The shape and 
branching typology of the crown is very important in wind-
break because it contributes to the mechanical moment 
resulting from wind drag and self-weight (Petty and Swain, 
1985), as well as to the structural damping of the tree (Sellier 
and Fourcaud, 2005, 2009). Considering rubber trees, some 
clones, known to be susceptible to breakage, are charac-
terized by forked and heavy crown (e.g. RRIM600), or by a 
continuous growth of the primary axis (e.g. PB235) and in 
other cases long, heterogeneous and persistent secondary 
ramifications. In contrast, resistant clones (such as PR107 or 
PB217) are characterized by i) a balanced crown, ii) a limited 
growth of the primary axis, and iii) numerous, short, homog-
enous ramifications, which naturally pruning (Hofmann, 
1984; Compagnon, 1986; Milet, 2001). The intrinsic properties 
of wood formed in trunks were also studied (CIRAD, 1990). 
The presence of tension wood appears to play an important 
role in the susceptibility of clones to breakage. This reaction 
wood, which is anatomically different from “normal” wood, 
is produced by angiosperm hardwood trees in order to con-
trol their orientation, e.g., to keep their straight vertical 
posture in the face of mechanical stresses (Scurfield, 1973; 
Donaldson and Singh, 2016). Nicolas (1979) investigated the 
presence of tension wood in 10 clones and showed that the 
most sensitive clones to wind breakage were also those that 
contained the highest proportion of tension wood. Finally, a 
peculiar morphological feature of most rubber tree clones 
worldwide is to develop an anemomorphic shape over time, 
with a tilted trunk and a crown that is curved downwind 
(Wang et al., 2019). It is not clear whether this trait is adap-
tive by reducing the wind drag over the tree or detrimental 
by increasing the overturning moment on the trunk due to 
the weight of the crown. 

In this article, we propose a methodology to evaluate 
the wind resistance of rubber tree clones with contrasting 
architectures and having the particularity to grow in an 
inclined manner. First, a static approach is proposed for 
studying the wind load over real trees. It is based on the 
estimation of wind drag forces from image analysis, taking 
into account tree crown architecture. This information is 
then integrated in mechanical model equations for a final 
calculation of the drag force and bending moment.

In a second stage, a simple theoretical model for eval-
uating the basic mechanical characteristics of standing 

1 https://www.rubberstudy.org/
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rubber clones is presented. It can be used to estimate the 
bending stiffness of the trunk and the modulus of elasticity 
of its wood, as well as the maximal bending stress in the 
trunk (related to its risk of breakage).

The parameters required for this model can be esti-
mated using a controlled bending test that can be per-
formed in situ in the plantation. In this case, the static load 
(bending moment) differs from the load induced by wind 
drag and is modelled from simple measurements.

Finally, the maximal bending stress that occurs in the 
trunk of the tree for a typical wind storm can be calculated 
(as this is the trait that may trigger stem breakage), and dif-
ferent clones can be compared for their level of mechanical 
stress during wind storm. Besides, if the strength of wood is 
known, then the safety factor of each tree form trunk break-
age can be estimated.

A practical application was performed using data pro-
vided from previous pulling tests carried out in 1997 on two 
rubber tree clones in Ivory Coast plantations. These two 
clones were selected because of their contrasted mechani-
cal sensitivity to wind breakage during strong windy events: 
the PB235 clone is known as very susceptible to wind break-
age, whereas GT1 clone is considered as more resistant to 
wind breakage, at least in the young age (Obouayeba et al., 
2012). 

The objective of this case study is to give an overview 
of the mechanical information that can be extracted from 
such experimental data. We highlight all the parameters 
that are necessary for data analysis, even if the small num-
ber of experimental tests performed and the absence of 
some data did not allow to provide a robust statistical anal-

ysis and are principally described for illustrative purpose. 
Finally, the importance of crown weight and of tree tilt and 
crown curvature in the calculation of the bending moment 
is discussed.

Material and methods
Estimation of the wind drag force  

and the wind-induced bending moment  
in the trunk by image analysis

The analysis of the tree’s behaviour in the wind requires 
knowledge of the action of the wind on the tree, i.e., the 
drag force. The aim of this section is to present a method 
to evaluate this action on the studied trees. The method is 
based on a scaled description of the crown morphology and 
the knowledge of a theoretical wind profile. The crown mor-
phology can be obtained using representative photographs. 
But it can be also obtained by accurate drawings. This is the 
case illustrated in figure 1 using published drawing repre-
senting the two rubber clones, PB235 and GT1, by Cilas et al. 
(2004). The method presented here aims at comparing the 
drag force and the resulting bending moment that the trees 
could experience for the same given wind profile.

The method follows five main steps (figure 1): 
• First, the initial drawing is converted into an 8 bit-grey 
image and segmented in order to get a binary image that 
distinguishes the tree structure (branches, leaves) from  
the porosity.
• The boundary of the tree crown is drawn. This defines the 
total crown area S, perpendicular to the wind direction. 

• This surface S is then divided into n hori-
zontal slices, 50 centimeters thick each. The 
number n of slices depends on the total 
thickness of the crown (figure 1).
• For each slice, the area Si, leaf density di 
and the height zi of the centre of mass are 
measured. The leaf density di is computed 
as the percentage of the area correspond-
ing to non-null pixels i.e. white pixels. So 
that, di.Si stands for the effective area of 
the slice.

In the case of a given wind profile 
U(z), the local force Fi applied by the wind 
on each slice is estimated as: 

1 
�

�
 =           �

�ir
�

�
 �

�
�

�
�

�  
with �    ⟦1;�⟧ 

2 

2      (1)
where Ui = U(zi) stands for the local wind 
velocity (m.s-1), ρair the air density and cd 
is the drag coefficient we fixed at 0.2 in 
the following calculations, as indicated to 
Stuttgart table  (Brudi et van Wassenaer, 
2002).

Finally, the local bending moment Mi 
due to the interception of the wind by each 
of these subdivisions Si is computed as:

�
�
(�) = �

�
 (�

�
 – �) 

 
with �    ⟦1;�⟧ 	 (2)

Figure 2.
Simplified mechanical model of a tree trunk under externally applied bending: a. 
Longitudinal section of a trunk. b. Circular cross-section (A-A’) of the trunk. The loading 
results from a force F applied at point zF and have two components: the force N that is 
normal to the cross section and the shear force T (red arrow). T generates a bending 
moment M(z) (red hatched triangle) that induces a rotation of the cross-sections and 
a local mechanical field of longitudinal deformations ε(x,y,z) in the cross section. The 
initial inclination of the tree at the base is α. For a given altitude z, the longitudinal 
strain varies linearly from the pith (ε = 0) to the periphery of the trunk where the strain 
is maximal (for y = D/2).
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where z is the critical point of interest of the trunk (trunk 
collar for instance, z = 0) where the bending moment is ana-
lysed. The total bending moment M(z) induced by the drag 
forces and applied to the trunk of the tree is computed as 
the sum of these local bending moments Mi:

�(�) =∑�
�
(�)

 �    ⟦1;�⟧ 

	 (3)

The above-mentioned computation was performed 
using ImageJ software (figure 1).

Note that this wind-drag model neglects the crown 
reconfigurations that occurs when the crown is submitted 
to high winds (Gardiner et al., 2016). These reconfigurations 
reduce the front area of the crown S as well as the drag 
coefficient cd (through branch streamlining). However, we 
have no data for this for rubber trees in plantations. Nev-
ertheless, the estimate of the bending moment given by 
equation  (3) can be considered as an upper-bound esti-
mate, which makes sense in the view of assessing wind firm-
ness and plantation security.  

Once the bending moment along the trunk resulting 
from wind drag over the crown has been obtained, the next 
step is two estimate the flexural rigidity of the trunk and 
the stress that bending can create. This can be achieved 
through a theoretical bending model.

Modelling of trunk bending

The following model is primarily designed to analyse 
a pulling test used to estimate the bending rigidity of the 
trunk, but will also lead to a stress analysis applicable to 
the effect of wind. The tree stem is described as a straight, 
near-vertical beam embedded at its basis and free to move 
at its top (figure 2a). The cross section is assumed to be cir-
cular along the length of the beam with a decreasing diam-
eter D(z) (figure 2b).

Rubber trees in plantations often show a small ini-
tial deviation from verticality that is due to the direction 
of dominant wind. This inclination is characterized by the 
angle α between the direction of the trunk Z and the vertical 
direction z (figure 2). A load F is applied at height zF on the 
trunk. The force is applied in the plane (y,z), either in the 
direction of the initial inclination α or opposite to it, and its 
direction makes the angle β with the horizontal direction. 
The cross section situated at height z < zF is subjected to a 
normal load N and a bending moment M given by:

N = F·sin(β-α) ;    M = F·cos(β-α)·[zF - z] / cosα (4)

According to Euler-Bernoulli’s theory for slender 
beams, the distribution of axial strain ε within the cross 
section is a linear function of the position Y relative to the 
plane (x,Z):

ε = δε – Δε.(2Y/D) 	 (5)

where δε is the average strain and Δε the differential strain 
between the inner and outer sides of the trunk. At mechan-
ical equilibrium, and assuming a cross-section made of an 
homogeneous elastic material of Young’s modulus E, δε and 
Δε can be related to the normal load N and the bending 

moment M through the following relationships:

δε = N / (E.S) 
Δε = M.D / (E.J)
E = M.D / (J.Δε) 	 (6)

S = πD2/4 being the surface area of the circular cross 
section and J=πD4/64 its second moment of area. From 
equation (4) and (6) the ratio δε/Δε can be derived:

δε / Δε = [D / (zF - z)]·tan(β-α)·cosα / 64 (7)

showing that, except for an anchoring position close to the 
tree collar (small β-α) or a cross section close to the force 
application point (zF - z < D), δε can be neglected and ε varies 
from -Δε/2 on the compressive face (Y = +D/2) to +Δε/2 on 
the tensile face (Y = -D/2). Then, the peripheral longitudinal 
stress, given by -σ and +σ, respectively, comes as:

σ = M.D / (2.J) (8)

Note that equation (8) would also apply to the case of 
a wind-induced bending moment M such as given by equa-
tion (3). In both cases the mechanical stress σ can be com-
pared to the breaking stress (material strength) σr, leading 
to wood rupture estimated for these genotypes and which 
can be estimated by conducting a bending test up to stem 
rupture or by direct assessment on (green) wood sample 
using a testing machine. The safety factor (SF) comes as:

SF = σr / σ 	 (9)

SF characterizes the wind firmness; the higher is SF, 
the safer the tree with respect to its trunk. As a remark, 
these estimations of σ and σr do not take into account the 
nonlinear response that precedes failure. In the case of σr, 
the pre-existing growth stress distribution should be also 
taken into account, especially in the case of tension wood 
occurrence (Gril et al., 2017). 

Field experiments: Bending of standing trees

Plant material
The tests were carried out in Ivory Coast, in the exper-

imental part of the Anguededou rubber tree plantation 
depending on the CNRA research center of Bimbresso, near 
the road from Abidjan to Dabou (5°18’53.3’’N 4°09’19.8’W). In 
this location, the soils are made of very deep tertiary sand, 
which makes possible a deep growth of the tap-roots of 
the trees, and therefore very little uprooting by wind. Wind 
damage is here predominantly the result of trunk breakage.

Nine rubber trees were selected in 3 different plots: 
5 trees of the PB 235 clone and 4 trees of the GT1 clone; 3 
trees were tapped for 2 years, and 6 trees for 5 years. The 
trees were 7 to 11 years old and were selected from 4 dif-
ferent plots. The diameter of trees at 1.30 m height ranged 
from 16.2 to 24.2 cm, i.e. from 51 to 76 cm in girth (table I). 
The total height varied in the range 20-25 m. The height of 
insertion on the trunk of the lowest branch was around 8 m. 
The initial inclination of the trees was about 1 to 7° (table I) 
in the direction of prevailing winds.



Experimental design of the in situ bending test
Bending tests were carried out between 10 and 30 

July 1997. These tests aimed at characterizing and compar-
ing the mechanical response to bending of PB235 and GT1 
clones. The total height of the tree H, the height HF = zF at 
the point of attachment of the cable to the trunk, the initial 
inclination of the trunk α and the angle of the cable with 
the horizontal β, the distance from the trunk to the point of 
attachment of the tree Lhw were measured before the bend-
ing experiments (cf. figure 3). In addition, girth was recorded 
at different heights: first at 0.3 m height and then every 1 m 
up to the height of application of the force.

Strain sensors were installed at 
five different heights along the stem 
(0.3, 1.3, 2.3, 3.3, 4.3 m). For each height, 
one sensor was fixed on the part of the 
trunk under compression and a second 
was fixed on the part under tension. The 
design of the strain sensor (figure  4) 
was inspired by the sensors developed 
by Blackburn (1997) and described in 
Moore et al. (2005). The contraction (resp. 
stretching out) of the wood fibres gen-
erates a length variation between two 
lever arms, which generates the bending 
of the thin central part of the sensor. A 
strain gauge was glued on this thin zone 
to evaluate the corresponding bending. 
A second gauge was fixed to the sensor 
to provide temperature compensation 
without being subjected to mechanical 
strains (figure 4).

The force applied during loading 
was measured using a dynamometer 
with a maximum capacity of 10 kN. Dur-
ing the experiments, a hand winch was 

used to pull the tree. The transducers data and the length 
of the cable pulled were recorded at each loading step. All 
trees were pulled both in the direction of the natural incli-
nation and opposite to it. For trees n°  1, 2, 6, and 9 (two 
trees per clone), the test was then repeated along the incli-
nation and brought up to tree failure. The failure force and 
the failure height of the tree were noted at the end of the 
bending test. For the trees n° 1, 2, 3, 4 and 6 (table I), after 
each bending test, the trees were felled and split into three 
parts: trunk, branches and leaves. Each part was individu-
ally weighed.

Estimation of the bending  
moment on the trunk during the 
bending tests

Mechanical analyses of pulling 
tests were carried out using recorded 
data (i.e. incremental strains, incli-
nation angles, etc.) in the theoretical 
model described above. The bend-
ing moment M was computed at the 
location of strain gages and each 
pulling step using equation (4b), the 
longitudinal Young’s modulus E was 
obtained using equation (6), and the 
bending stiffness was defined as the 
product E.J. Using these parame-
ters, the theoretical model of stem 
bending can now be coupled with 
the model for estimating wind drag 
in storm conditions and the result-

ing bending moment. Then the max-
imal stress under such winds can be 
estimated and compared between 
clones.

Figure 3.
Principle of a trunk-bending test. H: total height of the tree. Hc: height of crown base. HF = 
zF: height at wire rope fixation point on the tree. α: initial tree inclination tree at the base. 
β: angle of cable with the horizontal. Lhw: distance from the tree to the anchoring point 
of the hand winch at base of neighbouring tree. ε: strain measured by the elastometer. θ: 
inclination of root-soil system measured by the inclinometer. F: force applied by the hand 
winch. P: crown weight. ΔL: shortening of cable length.

Table I.
Characteristics of the di� erent tested trees. The trees were 7 or 11 years 
old, had 2 or 5 years of tapping, and an initial inclination of 1 to 7° 
in the direction of the prevailing wind.

Tree Clone Plot Age Nb tapped Diameter Initial Trunk weight Branch + leaf
number    years at 1.3 m (cm) inclination (°) (kg) weight (kg)

1 PB235 1 11 5 17.5 5.3 153.0 180.5
2 PB235 1 11 5 17.7 3.4 173.6 177.9
3 PB235 2 7 2 20.7 1.3 257.6 228.5
4 PB235 2 7 2 16.6 3.0 194.2 106.5
5 PB235 1 11 5 24.2 3.6    
6 GT1 2 7 2 16.2 4.8 104.0 125.5
7 GT1 3 11 5 20.5 2.9    
8 GT1 3 11 5 23.6 3.2    
9 GT1 3 11 5 17.5 3.1    
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Results and discussion
Estimation of the drag forces  

and the resulting bending moment

The vertical profile of wind speed U(z) depends on the 
roughness of the canopy and can be experimentally 
measured in situ. Since we lacked such experimental 
data, we chose a realistic model depicted in the liter-
ature. Data and models of the wind vertical profile in 
the specific case of rubber tree plantation are lack-
ing. Moreover, their extrapolation from wind models 
in forests is not straightforward, because the rubber 
tree plantation is less dense. Therefore we considered 
the situation where the static wind load on the tree is 
maximal, that is when the tree is sitting on the canopy 
edge facing a clear lad surface winward (e.g. when the 
upwind plot has been clear-cut). In such case with an 
upwind surface with a roughness near zero, the wind 
profile can be modelled as a logarithmic curve (Gar-
diner et al., 2016):

U(z)= * ln(z)
U10

ln(z0*K) 	 (10)

where U10 is equal to 33,3 m.s-1, namely 120 km.h-1, 
and stands for the velocity of wind of grade 12 on the 
Beaufort scale (higher grade). This velocity is assumed to be 
measured at 10 m high as indicated in the Eurocode 1-part 
4 for the velocities of the reference wind on opened fields. 
K is the Von Karman constant and z0 stands for the length 
of roughness and is assumed equal to 0.01 m (Cook, 2007; 
Gardiner et al., 2016). 

Using these windy conditions, we used equations 
1 to 3 to evaluate the drag force at each height and the 
resulting bending moment applied to the trunk. We com-
puted this bending moment for both clones by taking into 
account their specific architecture, shown in figure 1. As can 
be seen, PB235 and GT1 clones displayed almost identical 
heights (9.7 m for PB235 and 9 m for GT1), but very different 
crown sizes and shape. Overall, the front area of the crown 
of PB235 was 4.2 times higher than that of GT1 (39.5 m2 vs 
9.5 m2). The computations showed that the bending moment 
at the trunk basis (1-meter-high) of the PB235 clone was 72% 
higher than for the GT1, with values of 271 N.m and 464 N.m, 
respectively. This is substantially higher but far less than the 
difference in the front area. This is because GT1 had a nar-
rower crown that was gathered in its upper part (where wind 
drag is higher and lever arms are maximal) while PB235 had 
a wider crown but more evenly distributed over its height.

Mechanical behaviour of rubber tree trunks

The results presented in table  II were computed 
thanks to the strain measurement performed at 1.3 m high 
and all the equations described in the previous section for 
clones PB235 and GT1. The values in brackets in the fourth 
column of the table correspond to the average value of the 
five moduli calculated from the deformation measurements 

over the five heights (0.3, 1.3, 2.3, 3.3 and 4.3 m). The low 
number of fully documented experimental tests did not 
allow for providing a robust statistical analysis. However, 
a few parameters can be discussed. First, the mechanical 
tests enlightened a slightly (but significant) higher bending 
rigidity for the PB235 clone. Theoretically, this parameter is 
the combination of the dimensions of the cross-section and 
the Young’s modulus of the wood material. In our case, the 
analysis of the strain vs force curves indicated a large dif-
ference in term of Young’s modulus: PB235 showed a higher 
average elastic modulus (+ 31%) than GT1 with values equal 
to 7.4 GPa and 5.1 GPa respectively.

Comparison of the wind susceptibility  
of the two rubber tree clones

The two clones were selected based on their known 
contrasting sensitivity to wind. While both clones had the 
same age and trunk diameter, the full analysis of the exper-
imental data, coupled with mechanical modelling, revealed 
a strong difference in longitudinal elastic modulus between 
the clones. PB235 had a much higher Young’s modulus 
(p-value = 0.012), which resulted in higher bending stiffness 
of the trunk and thus lower stem deformations for a given 
force. However, the wider crown of the PB235 drastically 
increased the area of wind interception, the drag force and 
the resulting bending moment applied to the trunk. Based 
on these results, we were able to estimate the maximum 
stress that the trunk could be subjected to under the wind 
conditions described in Section 2.1. The calculations indi-
cated that the maximum stress induced by the wind drag 
was higher for PB235 than for GT1 (0.69 MPa for PB235 and 

Figure 4.
Strain sensor screwed in the wood during the bending tests of the trunk 
(© T. Fourcaud).
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0.4 MPa for GT1) for a similar trunk 
diameter of about 19 cm.

These values can be com-
pared to the breaking stress (wood 
strength) leading to wood rupture 
at 1.3 m height estimated for these 
genotypes: σr (42 MPa for PB235, 
46 MPa for GT1). This would lead 
to high safety factors SF against 
a grade 12 wind storm (120 km/h), 
SF  =  61 for PB235 and SF  =  114 
for GT1, with GT1 being almost  
2 times safer. However, these val-
ues have just an illustrative pur-
pose: indeed, the values for wood 
strength σr were obtained for 1 or  
2 trees per genotypes and the 
wind-drag estimation comes from 
mean crown shapes from another 
experiment (although from the 
same pedoclimatic area).

Consequently, it is essential 
to perform both analyses to cor-
rectly estimate the wind resistance 
of the trees: wind profile and tree 
crown architecture to determine 
the wind loads and the bending 
moment applied to the trunk; eval-
uation of wood mechanical behav-
iour through controlled bending 
tests and finally computation of 
safety factors.

Estimation of the bending 
moment with consideration  

of the crown weight

The expression of M given by 
equation 4b is only valid for small 
perturbations of the system, char-
acterized by small levels of v(z), 
displacement of the cross-section 
along y-direction at height z. As 
soon as the trunk is significantly 
bent, additional contributions to 
M result from the modified geom-
etry. In the case of wind loading, 
Ancelin  et  al. (2004) reported the 
impact of crown weight when 
the trunk bends. In the case of a 
standing tree bending test, Lang-
bour (1989) proposed a model 
based on a direct but complex cal-
culation. We propose here a sim-
plified model based on the meas-
urement of the cable shortening 
for the estimation of the effect of 
the crown weight. First, the nor-
mal component N contributes by 

Table II.
Results of bending tests for PB235 and GT1 rubber clones. The values in brackets 
for the MOE correspond to the average value of the fi ve moduli calculated 
from the deformation measurements over the fi ve heights. The failure stress 
is estimated according to equation 8. Empty cells indicate missing data. Stars 
indicate the statistical di� erence between PB235 and GT1 clones. (*: p < 0.05) 
(Student T-test). 

Tree  Clone  Bending Average  Failure Bending moment Failure stress Failure
number  rigidity, EJ MOE, E force at failure, M at 1.3 m, σmax height
   (kN/m²) *  (GPa) * (kN) (kN/m) (MPa) (m)

1 PB235 359.7 7.8 5.69 22.08 41.92 1.3
2 PB235 368.2 7.7 4.71 18.06 33.37 0.71
5 PB235 638.7 7.1        
7 PB235 265.3 7.2        
8 PB235 907.9 5.4        
6 GT1     5.30 20.47 48.73 1
9 GT1 505.9 5.8        
10 GT1 725.3 4.8        
11 GT1 244.4 5.3 5.89 22.74 43.17 1.6
Mean PB235  507.9 7.0 5.2 20.1 37.6 1.0
Standard deviation
PB235  263.4 1.0 0.7 2.8 6.0 0.4
Mean GT1  491.9 5.3 5.6 21.6 46.0 1.3
Standard deviation
GT1  240.8 0.5 0.4 1.6 3.9 0.4

Figure 5.
Diagram of the bending test on standing tree. a. Bending in the direction of natural inclination 
of the tree. b. Bending in the opposite direction to natural inclination of tree. L0: initial length 
of tensioned bending cable, (O, y, z) fixed reference frame and (O, Y, Z) rotating reference 
frame related to the tree inclination. v(z): displacement of tree at position z in the (y,z) plane. 
vF: displacement of the point of force application. vG: displacement of the gravity centre of the 
crown. zF: position of the point of force application. zG: position of the gravity centre of the 
crown. α: initial inclination of the tree at the base. β: angle of cable with the horizontal. Lhw: 
distance from the tree to the anchoring point of the hand winch at base of neighbouring tree.
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δMN = N [vF-v(z)] / cosα where vF = v(zF). Second, due to the 
movement of the part of the tree supported by the cross 
section, its weight P(z) contributes by δMP = P(z) [v(zG) - v(z)] 
where G(z) is its gravity center, zG the height of G(z) and 
v(zG) is its horizontal movement. For the determination of 
the position zG, we assume that the masses of the differ-
ent branches are distributed along the axis of the trunk and 
that they are added to the local mass of the trunk. Thus, 
using the masses of the different parts of the trunk and the 
masses of the different branches and their positions, we 
determine the position zG from the following equation:

zG = zF + ∑  ��
�
∙ z

�
  ∕  ∑��

�z
�
>z

(11)

The total bending moment M supported by the cross 
section becomes:

M = MT + δMN + δMP 			   (12)

M = F.cos(β–α)·[zF– z] / cosα + F.sin(β–α)·[vF – v(z)] / cosα + P·[v(zG) – v(z)]

where MT is the main component of the bending moment 
given by the equation 4b. Since v(z) depends on F, this for-
mulation is implicit and its rigorous resolution is complex. 
However, δMN and δMP being second-order corrections, they 
can be approximated using a simplified tree model. If the 
trunk was homogeneous and perfectly cylindrical up to 
the force application point, and the upper part of the tree 
made of a weightless and rigid bar holding the concentrated 
weight P(z) at point G(z) (as shown in figure 5), the expres-
sion of v(z) could be simply written as:

(13)

(14)

v(z) = vF·[2 – (3/2)·(z/zF)2 + (1/2)·(z/zF)3]  for 0 < z < zF

v(z) = vF·(3/2)·(z – zF)/zF  for zF < z

This bending model does not take into account the 
deformation of the stem above the force application point, 
nor the reconfiguration of the crown. The displacement vF 
can be obtained independently based on the variation of 
the rope length ΔL = L-L0 and of the rope angle Δβ = β - β0 
where L0 and β0 are the initial value of rope length L and 
rope angle β, respectively (figure 5). Assuming small values 
of Δβ and ΔL/L0, and replacing L0 = zF/sinβ0, we can write:

Lhw– zF·tanα = L0·cosβ0 = vF + (L0 + ΔL)·cos(β0 + Δβ) ~ vF + L0.cosβ0 + ΔL·cosβ0 – zF·Δβ

Lhw– zF·tanα = L0·cosβ0 = vF + (L0 + ΔL)·cos(β0 + Δβ) ~ vF + L0.cosβ0 + ΔL·cosβ0 – zF·Δβ 		  (15)

⇒ vF ~ -ΔL·cosβ0 + zF·Δβ

The estimation of P(z) and zG(z) requires values of 
weight, dimensions and rough positioning of tree portions, 
that can be measured after tree felling. Based on such data, 
and using the relative horizontal displacement v(z)/vF and 
vG/vF provided by equations 13 and 14, the total bending 
moment M can be calculated, and the local bending rigidity 
E.J or Young’s modulus E, at the level of the cross-section z, 
derived from equation 6:
E.J = M.D / Δε 			   (16)

E = M.D / (J.Δε) 		  (17)

Note that in case of a bending test performed in the 
direction opposite to the initial natural inclination of the 
trunk, the previous equations (15) and (16) remain applica-
ble, with a negative α value (figure 5b).

This complete analysis could be applied in the case of 
one single bending experiment (tree 1, table I), where all the 
parameters needed were available. The objective here is to 
evaluate the contributions of the vertical component of the 
force F (δMN) and of the weight of the tree crown P (δMP), 
often neglected, to that of the horizontal component of the 
force F (MT) according to the equation 11. For this, in addition 
to the data of force evolution F, rope shortening ΔL and rope 
angle β, we needed geometrical parameters such as: tree 
height, height at the base of the tree crown, height of the 
cable on the tree, distance from the tree to the anchor point 
of the lag bolt, natural inclination of the tree. We also need 
the mass of the trunk, the mass of the branches and the 
girth at different heights for the calculation of the position 
of the centre of mass.

The histograms in figure 6 present the proportions of 
MT, MN, and MP in the total moment M for different height 
levels (0.3, 1.3, 2.3, 3.3, and 4.3 m), in cases of bending in 
the direction of the natural inclination (NI) and in the 
direction opposite to the natural inclination (ONI). In case 
of NI bending, MT represented more than 80% of the total 
moment M between heights 0.3 m and 1.3 m, while δMN and 
δMP contributed by only 2% and 18% to the total moment 
M, respectively, for the same height levels. Above 1.3 m, the 
relative influence of MT decreased progressively (about 52% 
of M at 4.3  m) at the expense of δMP that reached about 
46% of the total bending moment M at 4.3 m. In case of ONI 
bending, the proportions of MT, δMN, and δMP were different. 
MT represented only 70% of M between 0.3 and 1.3 m while 
δMN and δMP represented respectively 8% and 20% of M for 
the same height levels. Above 1.3 m, as, for NI bending, the 
proportion of MT decreased considerably (only 44% of total 
M at 4.3  m) while the influence of δMP increased (50% of 
total M at 4.3  m). The relative influence of δMN remained 
low and almost stable with height in both bending cases. 
Between 0.3 and 4.3 m, the influence of δMN decreased from 
only 1.7 % to 1.5% for NI bending and from 8% to 6% for ONI 
bending.

In conclusion, the closer to force application point, the 
higher is the relative influence of δMP in the total bending 
moment M. The error generated by neglecting the effect of 
the weight was very significant for the highest altitudes. This 
can simply be explained by the decrease of MT that became 
zero at the force application point. Comparatively, the error 
due to neglecting the contribution of δMN remained low 
in all cases although not negligible; it can be taken into 
account to improve the quality of the analysis. This confirms 
the analysis of Papesch et al. (1997) who already highlighted 
the role of the crown weight. 

The M/MT ratio can be used to determine a correction 
factor to MT for each height, when the bending moment has 
been calculated with a conventional beam analysis. The var-
iations of M/MT ratio are shown in figure 7 as a function of 



the applied force F, for NI or ONI bending. As expected, in 
both cases M/MT increased with the height. It was higher in 
case of ONI bending (figure 7b) compared to NI bending (fig-
ure 7a). For a given height, this M/MT ratio remained almost 
constant as the force increased, suggesting that a simple 
function of height could be taken as a correction factor to 
MT moment.

The above reasoning could also be achieved when the 
bending is due to wind drag instead of artificial pulling. In 
this case, for example at 1.3 m height within the trunk, the 
actual stresses could be increased by 20% on the tree 1 of 
PB235. It is not possible however to pursue this line of rea-
soning on the available test example because we lack data 
for GT1 and have no repetition.

Required data for a full  
mechanical analysis

In the context of the rubber tree plantation, we 
enlightened the essential parameters required to under-
take an estimation of the tree resistance to wind. For this, 
we designed a novel theoretical mechanical modelling that 
takes into account all the parameters of a realistic bending 
test of leaning standing tree such as most rubber trees in 
plantations (especially as they grow older that the example 
presented here). First, it was brought out that the computa-
tion of the bending moment applied by the wind can only 
be performed with the knowledge of the velocity profile of 
the wind, the height of the tree and its crown architecture 
(Petty and Swain, 1985; Peltola, 2006; Dellus et al., 2004). In 
that way, the use of photographs, drawings, or any other 
representation of the crown can be a very good basis that 
can be coupled with a mechanical modelling to estimate 
the drag force and the resulting bending moment. This 
method is not standard in forest trees, because it is almost 
impossible to visualize non-destructively the front view of 
the crown in dense canopies; but it is usual for the assess-
ment of wind firmness of urban trees in city parks (Dellus 
et al., 2004). 

 It should be noted that the shape of the velocity pro-
file of the wind (logarithmic, exponential…) could only be 
precisely determined by installing a mast equipped with 
several anemometers through its height. As an alternative 
method, a theoretical wind profile can be used; but for that 
we still need to calibrate them for rubber tree plantations.

Second, the impact of the drag force on the mechan-
ical behaviour of the trunk requires the knowledge of the 
dimensions of the trunk and its mechanical properties. For 
example, the computation of the bending rigidity requires 
a correct description of the diameter variations along the 
height of the trunk. The intrinsic mechanical behaviour of 
the trunk can be assessed by performing bending tests on 
standing trees: The force applied is controlled, while the 
resulting longitudinal strains can be measured at different 
heights using strain sensors. This measurement makes pos-
sible to consider a possible variation of the local Young’s 
modulus. To be perfectly precise, the rotation of the root 
anchorage and the evolution of the angle of the cable 
should also be taken into account during the bending tests 
in order to adjust the estimation of the bending moment.

In addition to the cable angle, it is necessary to meas-
ure and take into account the rotation of the root plate, as 
well as the elasticity and resulting shortening of the rope 
during the pulling test. Indeed, the displacement of the 
point of force application v(zF) (which can be assimilated to 
the deflection in a 3-points or 4-points bending test), cor-
rected by the effect of root rotation, is related to the short-
ening ΔL according to equations 11 and 12. The knowledge of 
this displacement allows the estimation of the overall stiff-
ness of the tree trunk. The application of the stem bending 
model with consideration of the tree crown weight showed 
that the impact of the weight should not be systematically 
neglected in the calculation of the total bending moment, 
especially in case of tilted trees. As the force applied during 

Figure 7.
Evolution of the M/MT ratio as a function of the force. a. Case of 
bending in the direction of the natural inclination (NI) of the tree. 
b. Case of bending in the opposite direction to the natural incli-
nation (ONI) of the tree. Computations were performed for 0.3, 1.3, 
2.3, 3.3 and 4.3 m heights. M represents the total bending moment. 
MT is the bending moment due only to the horizontal component 
of the force F.

Figure 6.
Relative contribution of the three terms of equation 11 (MT, δMN 
and δMP) to the total moment M at different heights (0.3, 1.3, 2.3, 
3.3, and 4.3 m). The force intensity was F = 2.7 kN and was applied 
at zF = 5.3m. a. Case of bending in the direction of the natural incli-
nation (NI) of the tree. b. Case of bending in the opposite direction 
of the natural inclination (ONI) of the tree. MT is the moment due 
to the horizontal component of the force. δMN is the contribution 
of the vertical component of the force. δMP is the contribution of 
the weight of tree crown.
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the test increases, the relative effect of the crown weight 
becomes more and more important. This confirms the 
result of (Langbour, 1989; Moore et Gardiner, 2001), who also 
showed that the effect of weight was not always negligi-
ble. This point could be critical in case of strong bending 
tests that can be performed until the breakage of the trunk. 
And of course, it becomes non-negligible to estimate the 
bending moment on a tree submitted to high wind drag. In 
order to deduce a safety factor from these measurements, 
a growth stress assessment should be performed on the 
standing tree or after tree failure.

Conclusion and prospects
We developed a mechanical theoretical model that 

helps to analyse the bending test experiments on standing 
trees. This method was applied to a small test case pro-
vided by a preliminary experiment made on 2 rubber tree 
clones in a plantation in Ivory Coast. This test case is insuf-
ficient to provide statistically robust results, and was only 
provided here to illustrate the feasibility of our method 
and the insights that it may provide. It confirmed that our 
approach is comprehensive and feasible. 

On this small test case, the analysis showed that the 
mechanical behaviour during the bending tests of the two 
clones appeared to be similar at the tree scale. For the esti-
mate of the upper-bound drag force applied by the wind, 
the two clones showed contrasted behaviour with PB235 
that showed a 70% higher drag force than the GT1 clone. 
This result is due to the large difference of architecture 
between the two clones. 

Altogether, surprisingly, the computations indicate 
that the two clones seemed to display a rather high safety 
factor against a 12-grade wind storm, which does not seem 
to be consistent with wind damage records. This probably 
comes from the fact that bending tests and crown estima-
tions were made on different plots and that we lack repli-
cations in this preliminary test case. However, even in these 
conditions, a clear clonal ranking could be achieved, with 
the GT1 trees in our small sample displaying a twice higher 
safety factor for wind firmness than PB235. This ranking is 
consistent with wind firmness reputation from wind damage 
historical records in African plantations. 

In order to complete the analysis, we developed a sim-
ple model, not requiring complex theoretical calculations, 
that considers the weight of the crown and the resulting 
additional bending moment that is applied to the trunk dur-
ing the test. The results showed that the relative impact of 
the crown is not negligible and increases with the height. 
Its estimation requires complementary data that are often 
missing in the experimental tests conducted so far (even in 
forest trees). But we now provide a straightforward method 
to conduct and analyse these tests and to provide the Rub-
ber industry with clear quantitative data on clonal ranking 
for wind firmness at the adult stage.
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